In this paper, the possibilities and intrinsic physical limits to atomic resolution electron tomography are discussed. It is shown that atomic resolution electron tomography is in principle possible and may provide atom position coordinates with sufficient precision to use as input data for theoretical ab-initio calculations. For amorphous materials which are subject to radiation damage it may require a lower voltage and the use of a C s and C c corrector. For perfect crystalline samples the projected structure can be reconstructed from exit waves using the channeling theory. Combining the reconstructions obtained from different zone axis orientations then yields the 3D atomic structure. The most difficult objects will be semicrystalline materials where strong dynamic scattering interferes with weak signals from the aperiodicity. Here we suggest to use a new technique called precession laminography. Finally, doubt is raised about the practical usability of optical sectioning by HAADF STEM.
Introduction
Electrons are the ideal particles to unravel the atomic structure of non-periodic objects such as nanoparticles, crystal defects, amorphous structures, and so on. Compared to X-rays, the interaction between electrons and atoms is orders of magnitude larger with less radiation damage [1] . Moreover, with the development of aberration correctors, high-resolution electron microscopy is now entering the domain where individual atoms can be resolved. Then, it will in principle be possible to refine atom positions quantitatively in a comparable way to that done in classical electron diffraction techniques. Once atom positions can be determined with sufficiently high precision, i. e. of the order of 0.01 Å, they can be used as input data for ab-initio calculations in order to understand the structure -properties relationships, and eventually to design new structures. The ultimate challenge is to quantitatively determine atom positions in an amorphous structure with high precision. However, the information density, that is, the number of data per unit area, exceeds the physical capacity of the electron microscopic information channel. The only way out is to explore the third dimension by means of electron tomography with atomic resolution. Although electron tomography is a well-established technique for three-dimensional reconstruction of materials in life science applications, electron tomography applied in materials science cannot yet be used routinely but is advancing rapidly [2 -6] . It is the aim of this paper to discuss the possibilities and the intrinsic physical limits of atomic resolution electron tomography.
Information capacity of an electron microscope
If we consider an electron microscope as an information channel between the object and the observer, the information is blurred by many successive effects. Apart from the electron microscope, the detector and possible vibrations of the environment, the interaction with the electrostatic atom potential and the thermal motion of the atoms also cause a blurring effect. Simply expressed, the point spread function of the whole imaging process is given by the convolution of the five corresponding blurring functions. In fact, the blurring function of the electron microscope accounts for incoherent chromatic aberration, the aberrations resulting from mechanical and electrical fluctuations, and coherent geometric aberrations. However, since there are many ways to get rid of the coherent geometric aberrations, such as focal series reconstruction [7] and aberration correction [8] , the resolution of the electron microscope can be assumed to be determined by the incoherent aberrations and is, therefore, given by the information limit. If the imaging is linear, the resulting point spread function is equal to the convolution product of the constituent point spread functions (as shown in Fig. 1 ). If it is assumed that these point spread functions are Gaussian, the resulting function is Gaussian, as well, with a resolution determined by:
with q A the "width" of the electrostatic potential of the atom, q T the resolution limited by thermal vibrations of the atom, q EM the resolution of the electron microscope, q V the resolution limited by the environment (vibrations and stray fields), and q D the resolution limited by the detector. tion-corrected electron microscope and the best detector, and even at low temperatures, the ultimate resolution is limited by the electrostatic potential of the atom [9] . It can be shown that for an intrinsic atom width of 1 Å (as for a silicon atom) the information capacity of the electron microscope is limited to 1.5 per Å 2 data/area [10] . This means that amorphous films exceeding thicknesses of the order of 15 Å cannot be resolved since the information capacity of the electron microscope is insufficient. However, if one could perform electron tomography at high resolution, the information capacity is multiplied by the number of projections (of the order of 100) whereas the required data per atom is only increased from 2 to 3 atom position coordinates. From [10] it then follows that a resolution of 2.5 Å is sufficient to fully resolve a three-dimensional amorphous Si structure for thicknesses up to a reasonable value of the order of 10 nm. This structure can then be used as a starting point for a full quantitative refinement.
Principles of electron tomography
Consider a two-dimensional object in real space described by a scalar function f(x,y) (which represents the mass density or electrostatic potential). If the object is projected along the y-axis, the one-dimensional function f p (x) is obtained. Fourier transforming this projection yields F(h,0) which is a parallel section through the origin in Fourier space. This principle can be extended to three-dimensional objects, where the projection gives rise to a planar section in Fourier space. This is called the Fourier slice theorem [11] . It is now clear that from many projections along different viewing directions, one can in principle reconstruct the Fourier transform of the object and again by inverse Fourier transforming to real space one can reconstruct the whole object. This is shown in Fig. 2 .
However, by radially sampling the Fourier space, more weight is given to the low spatial frequencies close to the origin than to the high spatial frequencies. This low-pass filtering causes a blurring in real space. The blurring can be reduced by multiplying the Fourier transform of the object with a filter that compensates for this unequal weight. It is done by multiplying the spatial frequencies with a weight factor that is proportional to the distance from the origin. Such a filter is called a ramp filter, as shown in Fig. 3 .
Multiplying the Fourier transform of the object with a filter can also be described as a convolution product in real space. This means that every projection in real space is convoluted with a deblurring filter (the Fourier transform of the ramp filter before back projecting to the object). Therefore, the whole procedure is also described as filtered back projection.
Electron tomography of amorphous structures
As discussed earlier, amorphous structures are very challenging. Especially since some properties, related to their structure, are not yet fully understood. Examples are the photo-electric properties of amorphous silicon that disappear by slight annealing, or the insulating properties of dielectrics for semiconductor applications. With diffraction techniques one can obtain statistical information between local atom configurations, but beyond that, there is no current technique able to provide quantitative structure in- formation at the intermediate scale. This gap can probably be filled with atomic resolution electron tomography. From the foregoing, it follows that the classical tomographic reconstruction scheme assumes that the interaction with the object is linear. In electron microscopy of amorphous structures, this means that the image of a set of atoms is equal to the set of images of these atoms. This is true if the interaction between the electron and the atom is weak, which is usually the case provided that not too many atoms overlap along the beam direction. Furthermore, it is assumed that the images do not change with the vertical position, which means that the focus dependence over this distance is minimal. The maximum allowable thickness is of the order of 2q 2 EM =k with q EM the resolution of the electron microscope and k the electron wavelength. For a 300 keV electron microscope, and assuming a resolution of 1 Å, this corresponds to a thickness of the order of 10 nm. For thicker objects one needs an iterative correction scheme.
The classical tomographic reconstruction method [12, 13] assumes parallel illumination which can be obtained easily in a TEM. For simplicity we will assume the structure to be mono-atomic.
Now the 3D image of the object can be described as
with f r r ð Þ the 3D image of one atom, r r i the position of the ith atom. Fourier transforming yields
The diffractogram, i. e., the spectrum, is then
If the atom positions are uncorrelated, the second factor will be nearly constant (diffractogram of a white noise object).
We thus see that the diffractogram of an amorphous object mainly reveals f g g ð Þ j j 2 , where f g g ð Þ is the Fourier transform of the 3D image of the atom. Since the image of the atom is real and radially symmetric, f g g ð Þ is also real and radially symmetric (see Fig. 4 for amorphous germanium). From the envelope of the diffractogram one can thus determine
This can be used, for instance, to determine the aberration constants of the electron microscope. By determining f g g ð Þ one can first sharpen up the atoms in real space before filtered back projection. This procedure bears a resemblance to the use of a Wilson plot in X-ray crystallography. Note also that dividing by f g g ð Þ j j 2 may cause problems if this function is equal to zero. This can be accounted for by using a kind of Wiener filter. Figure 5 (left) shows a 3D reconstructed image of amorphous tungsten (W) and the right-hand side shows a slice of this reconstruction. In this slice, nearly all the tungsten atoms are well resolved. If the microscope disposes of a C s corrector the reconstruction can be further improved (see Fig. 6 ).
Precision versus radiation damage
Quantitative results can only be obtained from HREM images by fitting them with a model which is parametric in the structure parameters, among which are the atom positions and instrumental parameters. (error bar) of the parameter estimates thus obtained is determined by the noise in the experiment. Even when the microscope is perfect and the model is adequate to describe the experiment, the images unavoidably contain noise due to the counting statistics of the electrons. Using parameter estimation theory [14] , the so-called Cramér -Rao lower bound can be computed, which is a lower bound on the variance of any unbiased estimator of the parameters. In a sense, the square root of this Cramér -Rao lower bound represents the lowest possible "error bar".
Suppose for instance that one wants to determine the position of a Gaussian peak with width q. Then, the Cramér -Rao standard deviation on this position is given by
with r el the elastic cross-section and d the incident dose per unit area, so that dr el represents the number of particles used to form the image [15, 16] . From this it is clear that one can improve the precision by increasing the incident dose. However, every incident electron has a finite probability of damaging the atom, either by displacing it from its position or, for beam sensitive samples, by ionising it. For an incident dose d, the probability of damaging the atom is then given by
with r in the inelastic cross-section. Here we see that increasing the dose leads to more damage. The compromise between precision and radiation damage is given by the figure of merit
As discussed above the ultimate resolution is given by the width of the individual atom so that the right-hand side is only a function of the atom type. This expression puts fundamental limits on the precision that can be reached. We will now estimate what these physical limits are as a function of the type of atoms.
Using the simple channeling model [17] we obtain (details will be published elsewhere)
with c a constant, Z the atomic number, E the incident energy (eV), and e the threshold energy for displacement damage.
The results are plotted as a function of 1/E for various values of Ze in Fig. 7 . Let us consider a particular case. It is known that the energy needed to displace a Si atom (Z = 14) in amorphous Si is 2.7 eV, yielding a value of Ze ¼ 40 eV. If one now wants a precision of 0.05 Å and if one can allow 1 percent of the atoms to be displaced, the figure of merit is 2 Â 10 À 5 . From Fig. 7 one can deduce that this value can only be obtained by reducing the energy to below 50 kV.
The conclusion is that a high precision may only be obtained by reducing the incident electron energy. However, at low accelerating voltages the instrumental aberrations become important.
Experimental design
We will now try to answer the questions • do we need a C s corrector?
• do we need a C c corrector?
• do we need a monochromator?
As mentioned before, one can derive a lower bound on the standard deviation of the atom positions, i. e., r CR . This value is a function of the instrumental parameters. By The tilt series ranges from -90 to +90 degrees tilt angle with 1 degree increments. The incident electron energy is equal to 300 keV. studying the dependence of r CR on the instrumental parameters one can predict the best setting of the microscope so as to obtain the smallest possible r CR [15, 18] . Likewise, we can use r CR so as to design new instrument components. Figure 8 shows the lower bound (precision) on the position of a Si atom as a function of C s for an accelerating voltage of 50 kV. For a microscope without a monochromator and without a C c corrector it turns out that reducing C s does not give any advantage. Equipped with a monochromator, the precision can be improved by a factor of 2 by lowering C s . The best precision can be obtained with a C c corrector. The value thus obtained is about six times lower than for the uncorrected microscope.
Tomography of crystalline structures
In a crystalline structure at low-index zone axis orientation, the electrons are attracted in the atom columns parallel to the incident beam direction. Inside these columns the electrons move periodically. This can be explained by the simple channeling theory [17] where each atom is considered as a small lens that focuses the electrons. The period is a function of the mass density of the column. For a certain crystal the exit wave can be identical to the entrance wave and then in a sense the column disappears. Such a thickness is called the extinction thickness [19] . For Au [100] at 200 kV the extinction thickness is about 40 Å and for Cu [100] it is about 110 Å. When the thickness is such that the electrons are focussed at the exit plane, the contrast in the image will be highest. In this way, light columns can yield stronger signals than heavy columns for a particular thickness. However, it is clear that due to this channeling the relation between exit wave and projected structure can be highly non-linear, which complicates tomographic reconstruction schemes. Notice that the simple channeling theory will never be exact for real objects since it neglects inelastic scattering and beam broadening. Nevertheless, it is a useful theory in order to find an approximate solution to reconstruct the three-dimensional structure of crystalline structures. Using the simple channeling theory [17] , the exit wave can be expressed as
From Eq. (9), it follows that the amplitude peaked at the atom column position is
The phase constant over the atom column is
with E 00 the factor related to the mass density of a column and w 00 a function that is peaked at the atom column position [17] . From this, it can be concluded that the amplitude of the electron wave is peaked at the column position and varies sinusoidally with depth. However, the phase of w q; z ð ÞÀ1 varies linearly with the mass density and is thus suitable for tomographic reconstructions. Figure 9 shows an experimentally obtained plot of the exit wave for Au [110] in the form of an Argand diagram. From the simple channeling theory, it follows that the points are expected to lie on a circle. This is also obtained experimentally. The different blobs on the circle correspond to increments of one gold atom in the column. It is clear that from such a curve the phase can ideally be determined and from the phase the projected mass density. If one wants to resolve the 3D atomic structure of a unit cell, it is sufficient to repeat this procedure for a few different zone axis orientations. Int. J. 
Tomography of semi-crystalline structures
The most difficult objects for electron tomography at high resolution are semicrystalline structures where a large part of the structure is perfectly crystalline but where one is especially interested in three-dimensional deviations from the crystalline structure. Examples are crystal defects, quasi-amorphous structures containing microcrystals, and nanoparticles. For nanoparticles, one is interested in distortions from a perfectly crystalline structure close to boundaries and surfaces. The problem with tomography of semicrystalline structures is that, when crystalline parts are in zone axis orientation, the interaction is strong and nonlinear and dominates the signal. Classical tomographic reconstruction schemes cannot cope with such nonlinearities. One possibility is to leave out these orientations from the starting dataset, but this leads to a reduction of the resolution and to missing data in the reconstruction process. Thus far, no successful scheme has been developed which can cope with these problems. Here we will propose a new method that is called precession laminography.
Precession laminography
9.1. Principle of laminography X-ray laminography has existed for many years [20 -22] . Its principle is shown in Fig. 10 [23] . The X-ray source and the detector move synchronously. Due to this correlation, objects in one specific plane are always projected at the same position of the detector. Objects that are not in this plane are projected to other positions of the detector. Therefore, one plane is always imaged sharply whereas the other planes are blurred due to non-proper superposition in the detector. However, current advanced detectors with a large number of pixels allow one to record all the projected images and store them before reconstruction. In this way any plane can be chosen afterwards by displacing every projected image in a particular direction and then adding the projections. As such, the object can be sectioned successively plane by plane.
By means of computer simulations, the principle of laminography has been tested in electron microscopy using the same model for amorphous Si as used in Fig. 6 . The righthand side of Fig. 11 shows a section of this laminographic reconstruction, which can be compared with a linear back projection on the left-hand side. Here we see that most of the atoms are resolved.
Consider an electron microscope equipped with an image forming system and suppose that a crystal can be tilted slightly out of zone axis orientation so as to avoid strong channeling of the electrons in the atom columns (Fig. 12) . the projected image on the detector one can in principle perform electron laminography so as to visualise any particular slice in the crystal. Since the channeling condition is avoided, the interaction is much more linear (kinematical) and there is hope that the reconstruction scheme works. Furthermore, the tilt angle can be several degrees so that the vertical resolution may be sufficient to visualise individual dopant atoms in the atomic columns. This would be interesting for semiconductor research. The technique bears some resemblance with the precession diffraction technique developed by Vincent and Midgley for microdiffraction of small crystals and which also turns out to be quite linear. Preliminary results will be published in a forthcoming paper.
Optical sectioning by HAADF STEM
Recently it has been argued that, if highly advanced correctors were to be developed in the future, the opening angle of a STEM probe might be increased to such an extent that the vertical cross-over of the probe in the crystal would be of the order of the atomic dimensions [24, 25] . If this were true, one could visualize a three-dimensional structure on the crystal slice by slice by optical sectioning. However, the Heisenberg uncertainty relation shows that for a vertical resolution of 1 Å, the uncertainty s on the wave vector, k, should be of the order of 1 Å -1 . The corresponding spatial frequency g is equal to ffiffiffiffi ks p . For an accelerating voltage of 300 kV this yields g = 7 Å -1 (Fig. 13 ). However in a classical HAADF STEM experiment, the hole in the detector has to be large enough to eliminate the central disc. This means that only signals with a spatial frequency beyond 7 Å -1 , are detected which is far beyond the region where classical phonon scattering generates signals. Usually, this type of scattering provides the main signal for HAADF STEM. In concluding, although optical sectioning at atomic resolution by means of HAADF STEM is theoretically possible, it will be impractical because of the lack of signal.
Conclusions
Atomic resolution electron tomography is in principle possible and may provide atom position coordinates with sufficient precision to use as input data for theoretical ab-initio calculations. For amorphous materials which are subject to radiation damage it may require a lower voltage and the use of a C s and C c corrector. For perfect crystalline samples the projected structure can be reconstructed from exit waves using the channeling theory. Combining the reconstructions obtained from different zone axis orientations yields the 3D atomic structure. The most difficult objects will be semicrystalline materials where strong dynamic scattering interferes with weak signals from the aperiodicity. Here we suggest using a new technique called precession laminography. 
